S
eed may retain viability for greatly differing periods of time, described as longevity (Rajjou and Debeaujon, 2008; Nguyen et al., 2012) . Progressive and irreversible changes in aging seed during long-term storage result in the loss of seed biological potential (viability) and economic value and, ultimately, in their death (Ellis et al., 1991; . It is believed that seed aging results in part from the impact of free radicals, which leads to peroxidation of lipids, deactivation of enzymes, degradation of proteins, deterioration of cell membranes, and impairments of genetic material (nucleic acids) (Smith and Berjak, 1995; Walters, 1998) . Additionally, the change of the cytoplasm physical condition (transition from glassy state to liquid) contributes to the loss of biochemical stability and seed deterioration (Buitink and Leprince, 2004) . High temperature and seed moisture content (and/or relative humidity) are the main factors influencing the deterioration of seed viability and vigor during storage. Seed sensitivity to high temperatures depends on the content of water present in them. The rate of seed aging increases with increasing moisture content (Corbineau et al., 2002) . Lower temperature (<0°C) and low (5-8%) relative air humidity (RH) delay the processes of seed deterioration and aging of many
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seeds (described as orthodox) and extend their storability (Shaban, 2013) . However, even if the most favorable storage conditions are maintained, sowing material quality will gradually deteriorate . One example of this is that the viability of narrow leaf lupin (Lupinus luteus L.) after storage for 51 yr at the USDA National Center for Genetic Resources Preservation decreased from 6 to 80% (Walters et al., 2005) .
Seed aging is most often analyzed by applying various accelerated aging tests (Al-Maskri et al., 2003; Prochazkova and Bezdeckova, 2009; Matthews et al., 2010; Ohlson et al., 2010; Eksi and Demir, 2011) . The studies on a more natural long-term aging of seed are rather scarce. Studies of long-term storage mainly concern the following areas: differences in seed longevity across various species (Walters et al., 2005; Probert et al., 2009) , the relationship between the water content in seed and seed viability (Ellis et al., 1986; Mira et al., 2015) , and the effect of storage conditions on the stability of sowing material (Ellis and Hong, 2006; Pérez-García et al., 2007; Piotrowicz-Cieślak et al., 2008; Nagel and Börner, 2010) . However, there have been no reports on differences in composition of proteins and biogenic amines that result from long-term cool and lowmoisture storage of seed, and there have been very few reports on changes in soluble carbohydrates with respect to slow seed deterioration.
The causes of deterioration and death of seed have not been fully elucidated; there may be several interacting mechanisms involved in the aging process (Kranner et al., 2011 , Nagel et al., 2015 . These mechanisms can be studied and understood by analyzing the composition of proteins, carbohydrates, and biogenic amines. Shifts in the expression of proteins and resulting changes in carbohydrate contents are among the first reactions of seed to stress. These soluble compounds are hydrolyzed to simple compounds and satisfy the high demand for energy, thus playing a crucial role in the early period of germination (Zalewski et al., 2001; Blöchl et al., 2007) . Protection against the harmful effect of free radicals, byproducts of bioenergetic reactions, is ensured by the raffinose family of oligosaccharides (RFO) and galactosylcyclitols (Piotrowicz-Cieślak, 2005) . Their presence has been shown to enable formation of the glassy state in seed cells. Maintaining the glassy state of cytosol is a prerequisite for retaining the high vigor and viability of seed (Wettlaufer and Leopold, 1991; Piotrowicz-Cieślak, 2005) .
Polyamines present in plants, especially putrescine (Put), spermine (Spm) and spermidine (Spd), contribute to the processes of plant growth and development. There have been several papers on biogenic amines, which indicates that they play a crucial role in plant responses to stress caused by such factors as storage at an elevated temperature and humidity (Adiga and Prasad, 1985; Kaur-Sawhney et al., 2003; Pieruzzi et al., 2011) .
The aim of this study was to evaluate the vigor and viability of yellow lupin seed stored for 29 yr at −14 and 0°C and at room temperature to determine and compare the content of biogenic amines and soluble carbohydrates and their level in seed. Moreover, we investigated if these parameters could be useful as biomarkers of vigor and viability of seed.
MATERIALS AND METHODS
The study material comprised seed of yellow lupin (Lupinus luteus L.) 'Iryd'. Seed was stored in linen sacks inside hermetically sealed glass "twist" jars at −14°C and 44% RH, 0°C and 46% RH, and under laboratory conditions (temperature about +20°C and 34% RH) for 29 yr. Hair hygrometer (Model TR415) was used to measure the air RH. At the beginning of the experiment (in 1986), seed contained 8.8% of water. The water content in the seed after storage for 29 yr (in 2015) was found to be 5.7 (storage at −14°C), 7.8 (storage at 0°C) and 2.7% (storage at +20°C). Water content was determined with the gravimetric method and expressed in relation to seed dry weight (5-g samples were used for each replication of these determinations).
The vigor and viability of yellow lupin seed (ISTA, 1999) and selected biochemical parameters (i.e., the levels of biogenic amines, soluble carbohydrates, and albumin) were measured. Seed germination was performed in an incubator in which a constant temperature of 20°C was maintained. One hundred seed of yellow lupin were placed evenly on moist germination paper. The germination results were recorded as a percentage of seed with embryonic roots emerging within 7 d of incubation. Subsequently, the length of stems and roots was measured and the fresh and dry weight of the seedlings was determined. To determine the electrical conductivity of seed leachates, the seed surfaces were sterilized by immersing them in 1% sodium hypochlorite for 2 min; the seed were then washed in distilled water for 3 to 4 min. Subsequently, a seed sample (100) was soaked in milliQ water (250 mL) at 20°C for 24 h. The electrical conductivity of the effluent from the seed was measured with a conductometer (Model HI 2315, Hanna Instrument). The measurements were conducted in three replicates for each batch of seed. The electrical conductivity was related to seed fresh weight and expressed in mS cm −1 g −1 .
Protein
Albumins were isolated from seed (1 g) with 5 mM N-ethylmaleimide (NEM) (Salmanowicz and Przybylska, 1994) , and their content was assayed with the Bradford (1976) , isoelectric focusing 3: rapidly increasing voltage up to 20,000 V). After isoelectric focusing was completed, IPG strips were equalized in buffer I (6 M urea, 2% sodium dodecyl sulfate [SDS], 0.375 injector of a Thermo Scientific gas chromatograph equipped with flame ionization detector. The injector port was operated in the split mode (1:50) at 335°C, and the detector was maintained at 350°C. Soluble carbohydrates were analyzed on a DB-1 capillary column (15-m length, 0.25-mm i.d., 0.25-mm film thickness; J&W Scientific). Soluble carbohydrates were identified with internal standards as available, and concentrations were calculated from the ratios of peak area for each analyzed carbohydrate to the peak area of the respective authentic standard. Quantities of soluble carbohydrates were expressed as means ± SD for three to five replications of each treatment.
Statistical Analyses
All biochemical analyses were performed in at least four replicates, whereas the morphological observations were performed in 15 replicates. The results are given as a means ± SD. The data obtained for each analyzed compound were compared across different storage temperatures, analyses were evaluated by variance analysis, and the averages were compared against the Tukey multiple comparison test at 5% probability.
RESULTS

Seed Viability
Lupin seed stored at −14 and 0°C germinated incomparably better than those stored at +20°C. Seed stored at −14°C germinated in 94%, whereas seed stored at 0°C germinated in 92%, and those kept at +20°C did not germinate (Table 1) . Vigor of the seedlings was assessed by measuring roots and stems. The average weight for roots and stems in seedlings from lupin seed stored at −14°C was 324 and 1255 mg, respectively. For those stored at 0°C, the weights were 117 and 738 mg. Electrolyte leakage was greater (eight times) in seed stored at +20°C than in seed stored at −14°C (Table 1) .
Proteins
The content of 2S albumin was similar in seed stored at −14 and 0°C and was 3.5%, whereas it was lower (2.8%) in seed stored at +20°C (Table 2) . Two-dimensional gel electrophoresis of proteins is shown in Fig. 1 . The twodimensional electrophoresis maps for seed stored at low temperatures (-14 and 0°C) were basically similar. A map generated for seed stored at +20°C displayed considerable differences. There were no proteins in the range between 23 and 20 kDa and for pI 5 to 6.5. The quantitative analysis with the PDQuest program produced a total of 343 polypeptide subunits for seed stored at -14°C, 327 for seed stored at 0°C, and 290 for seed stored at +20°C. Twenty seven proteins were analyzed by mass spectrometry. The results were used for protein identification (Table 3) . Ten subunits (places 1, 2, 3, 4, 7, 8, 10, 12, 14, and 16 ) bore similarity to d-conglutin and one to albumin-2. The proteins 21, 22, and 23 were identified as b-conglutins. Two proteins (spots 19 and 24) were identified as subunits of malate dehydrogenase, whereas two others (13 and M tris-HCl with pH 8.8, 20% glycerol, 130 mM dithiothreitol [DTT]; Bio-Rad) and buffer II (6 M urea, 2% SDS, 0.375 M tris-HCl with pH 8.8, 20% glycerol, 135 mM iodoacetamide; Bio-Rad) for 10 min. The second stage involved separation of proteins in 10% polyacrylamide gels (7.0 ´ 10.0 cm) in an electrophoresis apparatus (Mini PROTEAN Tetra System, Bio-Rad). Electrophoresis was performed for 1 h, with 45 min in alternating current: 90 V (15 min) and 120 V. After the electrophoresis was completed, gels were dyed in colloidal solution of Coomassie Brilliant Blue G-250 (Sigma). The gels were visualized with a Gel Doc EZ Imager scanner (Bio-Rad). The protein maps were analyzed in the PDQuest Basic program (Two-Dimensional Gel Analysis Software, Bio-Rad). Spots with proteins were carefully cut out from the polyacrylamide gels (Shevchenko et al., 1996) . After reduction and blocking the reduced bridges, a mixture of peptides was obtained with the use of trypsin. The mixture was separated by liquid chromatography (LC) and the mass of peptides and their fragments was determined in a mass spectrometer (Orbitrap LC-mass spectrometry [MS]-MS/MS, Thermo). The NCBI and UnitProt databases were searched for MS/MS spectra. The proteins were identified based on peptide mass fingerprint (PMF) with the MASCOT search engine. Results exceeding 46 were taken into account (p < 0.05).
Biogenic Amines
The biogenic amines were extracted from seed (0.5 g) with cold 5% perchloric acid according to Bouchereau et al. (2000) . The seed powder was shaken with 25 mL of 5% HClO 4 solution for 30 min and then centrifuged at 16,000g for 30 min at 4°C. The supernatant was evaporated and the residue was redissolved in 3 mL of 5% HClO 4 . The extract was analyzed using the amino acid analyzer (Model AA 400, Ingos). The polyamines were separated at 70°C on a 7.0-cm ´ 0.37-cm column filled with Ostion Lg ANB and then eluted from the ion-exchange column with two pH 5.65 sodium citrate buffers with addition of 1.0 and 2.6 M of sodium chloride. The quality and quantity of the biogenic amines were assayed with postcolumn ninhydrin derivatization and photometric detection (l = 570 nm), and expressed in pmol mg −1 of dry mass. The standards of Sigma Aldrich for chromatographic analysis of the biogenic amines were used. Quantities of biogenic amines were expressed as mean ± SD for three to five replicates of each treatment.
Soluble Carbohydrates
Soluble carbohydrates contents in seed were analyzed by gas chromatography according to Piotrowicz-Cieślak (2005) . Seed (30-60 mg fresh mass) were homogenized in ethanol: water, 1:1 (v/v) containing 300 mg phenyl-a-d-glucose as internal standard. The homogenate and the wash were combined in a 1.5-mL microfuge tube, heated at 75°C for 30 min to inactivate endogenous enzymes, and centrifuged at 15,000g for 20 min. The supernatant was passed through a 10,000 molecular weight cut-off filter (Lida). Aliquots of 0.3 mL filtrate were transferred to silylation vials and evaporated to dryness. Dry residues were derivatized with 300 mL of silylation mixture (trimethylsilylimi dazole:pyridine, 1:1, v/v) in silylation vials (Thermo Scientific) at 70°C for 30 min, and then cooled at room temperature. One microliter of carbohydrate extract was injected into a split-mode 17) were subunits of superoxide dismutase and copper/ zinc superoxide dismutase. Proteins 18, 25, and 26 were identified as late embryogenesis abundant (LEA) proteins. Proteins 5 and 6 identified as pathogenesis-related (PR) proteins. Two subunits (spots 27 and 11) bore similarity to lactoylglutathione lyase. The quantity of the identified proteins varied significantly among the analyzed seed variants (Fig. 2a-2c) .
The levels of proteins corresponding to spots number 4, 5, 6, 9, 20, 23, 25, 26 , and 27 were highest in the seed stored at -14°C. Ten proteins demonstrated the highest amount in 0°C seed, whereas eight proteins occurred at the highest levels in +20°C seed.
The identified proteins could be grouped into the following functional categories: (i) storage proteins: b-conglutins, d-conglutins, and albumins; (ii) proteins associated with defense mechanisms: PR proteins, superoxide dismutase, and lactoylglutathione lyase (also known as glyoxalase I); (iii) proteins involved in bioenergetic reactions: malate dehydrogenase; and (iv) proteins associated with growth and development: LEA proteins (Table 3) .
Biogenic Amines
Spermine, Spd, cadaverine, and Put were assayed in yellow lupin seed. In the seed stored in -14 and 0°C, Spd occurred in the highest quantities, whereas no cadaverine was found. In the seed stored for 29 yr, the content of Spm, Spd, and Put was lowered by approximately half in seed subjected to cool storage, compared with seed stored at room temperature (Table 2) .
Soluble Carbohydrates
Storing seed of lupin for 29 yr at room temperature resulted in a decrease in RFO content to 2.3% of dry mass, whereas Stem 1255 ± 36a 738 ± 47b 0c Seedlings dry mass including cotyledon, % 26.6 ± 3.34a 26.4 ± 1.49a 0b † The data denoted with the same letter do not differ by Tukey test at 5% probability. Table 2 . Biogenic amines and isolated protein in yellow lupin seed stored for 29 yr at different temperatures (data are expressed as the mean of three to five independent repeats ± SD).
Biogenic amines
Storage temperature 34.5 ± 0.6a 33.1 ± 0.4a 28.5 ± 0.6b Albumin content, % 3.5 ± 0.5a 3.5 ± 0.4a 2.8 ± 0.5b † The data denoted with the same letter do not differ by Tukey test at 5% probability. seed germinated at 94 and 92%, respectively; seed stored at +20°C did not germinate (Table 1) . Seeds of Fabaceae plants are regarded as relatively long living (Walters et al., 2005; Probert et al., 2009; Nagel and Börner, 2010) . However, Justice and Bass (1978) found the viability of lupin seed (narrow leaf, yellow and white) to decrease by 50% as early as after 2 yr of storage. This observation is highly inconsistent with our experience reported both here and in earlier papers (Piotrowicz-Cieślak, 2005; PiotrowiczCieślak et al., 2008) . Lupin seed tolerate low temperatures remarkably well, so its storability is high, and its storability index should be 2 or 3 (Piotrowicz-Cieślak, 2005) and not 1, as reported by Justice and Bass (1978) . Only storage of lupin seed for a period longer than 6 yr considerably lowers its vigor and viability. Interestingly, some researchers (Thomas and Sweetingham, 2000) recommended storing lupin seed for 2 to 3 yr as a method of eliminating anthracnose and improving seed performance. Nagel and Börner (2010) studied the longevity of white lupin seed and found that it took 13.5 yr of storage in laboratory conditions for seed viability to fall below 50%. According to Walters et al. (2005) , it takes 41 yr (at the temperature of -18°C) for the viability of narrow leaf lupin seed to decrease from 100 to 50%. Among the Fabaceae plants, pea in those stored at 0 and -14°C, RFO content was five times higher. In the analyzed seed, particularly prominent was the storage-related decrease of verbascose (Table 4) . Its content in seed stored at 0 and -14°C amounted to 4.2 and 4.0% of dry mass, respectively. After 29 yr of storage at room temperature, verbascose appeared in trace quantities only. Among RFOs, stachyose occurred in the highest quantities. In seed stored at room temperature, its content decreased by 40%. Raffinose showed a similar tendency.
Monosaccharides were represented in seed by fructose, glucose, and galactose. In seed stored at room temperature, fructose content increased, and glucose and galactose occurred in considerable quantities. In seed stored at room temperature, the content of sucrose increased notably. After 29 yr of storage at room temperature, the seed content of sucrose was four times higher than in the seed stored at 0 and -14°C.
DISCUSSION
Temperature and humidity at which seed is stored affects its viability (Parrish and Leopold, 1978; Jatoi et al., 2001 ). Unfortunately, reports on the reactions of seed to prolonged low-temperature storage are scarce (Pérez-García et al., 2007). After 29 yr of storage at -14 and 0°C, lupin (Pisum sativum L.) seed is even more durable (Walters et al., 2005; Nagel and Börner, 2010) . The viability of seed of this species decreases below 50% after 97 yr of storage under controlled conditions (-18°C) (Walters et al., 2005) . The high RH of the air and water content of seed speeds up the deterioration of seed quality (Kapoor et al., 2010; Balešević-Tubić et al., 2011) .
With decreasing air temperature, air RH increases (Buck, 1981) . Nevertheless, as can be seen in the Materials and Methods, care was taken in this experiment to decrease the initial air moisture content in all seed containers to no more than 46%. At the start of the experiment, the seed was dried to water content 8.8% and, after 29 yr of storage, seed water content was 5.7, 7.8, and 2.7% in seed stored at -14, 0 and +20°C, respectively (compare Table 3 ).
Materials and Methods).
A decrease in the moisture content in seed during storage at a temperature <30°C does not affect its stability (Mira et al., 2015) . A study conducted by Ellis and Hong (2006) showed that the viability of seed in which moisture content ranged from 2.2 to 14.9% for red clover (Trifolium pretense L.) and from 2.0 to 12.0% for alfalfa (Medicago sativa L.) and did not change after 15 yr of storage at -20°C. Seeds of various Brassicaceae species in which the water content ranged between 0.3 and 3% after 40 yr of storage at -5 and -10°C were also highly viable (Pérez-García et al., 2007) . Therefore, we assume that the moisture content of seed that was rather low and nearly equal in all seed lots was not the key factor differentiating the stability of yellow lupin seed in this experiment. It was the temperature that played the decisive role.
When the seed was stored at room temperature, the content of soluble proteins decreased (Table 2 ). This phenomenon was also observed after long-term storage of yellow lupin seed (Piotrowicz-Cieślak et al., 2008) and during accelerated aging seed of pigeon pea (Cajanus cajan L. Millsp.) (Kalpana and Madhava Rao, 1997) . It was confirmed in studies conducted by Job et al. (2005) , Oracz et al. (2007) , Bailly et al. (2008) , Rajjou and Debeaujon (2008) , and that a loss of seed vigor and viability correlates with changes in soluble protein content in seed.
In this paper, we were mostly interested in albumins, as they contain enzymes and their changes probably affect seed physiology most severely. Following the standard protocols, 5 mM NEM was used for protein purification, which should preferentially isolate albumins (Salmanowicz and Przybylska, 1994) . However, in all two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) separations, other polypeptide units could also be seen (b-conglutins and LEA). This results from the fact that many proteins show similar solubility (Nadal et al., 2011) .
Seed storage proteins seen on electrophoretic gels usually have a broad mass range. In terms of proteomic analysis, storage proteins are the least explored group of proteins (Magni et al., 2007; Natarajan, 2014 ). An analysis of the proteome of yellow lupin seed enabled identification of the proteins whose synthesis changed during the period of storage. Identified proteins (Fig. 1, 2a , Table  3 ) were divided into functional categories in accordance with Bevan et al. (1998) : (i) storage proteins: b-conglutin (belongs to the 7S globulins), d-conglutin (belongs to the 2S albumin), and albumin (PA2); (ii) proteins connected with defense mechanisms: PR proteins, superoxide dismutase (SOD), and lactoylglutathione lyase (also known as glyoxalase I); (iii) proteins responsible for energy reactions: malate dehydrogenase; (iv) proteins of growth and development: LEA proteins.
The accumulation of storage proteins as observed in this study (i.e., b-conglutin, spots 21, 22, and 23; and d-conglutin, spots 2, 3, 4, 7, 10, and 16) decreased in seed stored at +20°C (Fig. 2a-2c) . Disturbed synthesis of storage proteins has been shown to accelerate the Table 4 . Soluble carbohydrates content in yellow lupin seed stored for 29 yr at different temperatures (data are expressed as the mean of three to five independent repeats ± SD).
Soluble carbohydrates
Storage temperature
Raffinose family oligosaccharides (RFO)
Faffinose 9.18 ± 1.23a † 9.41 ± 0.14a 3.3 ± 0.24 Stachyose 53.4 ± 8.4a 54.1 ± 9.5a 6.9 ± 0.37 Verbascose 44.8 ± 8.28a 42.7 ± 7.33a Tr ‡ Galactosyl cyclitols Galactinol 1.37 ± 0.14a 1.12 ± 0.01a 1.98 ± 0.09b Digalacto-myo-inositol 4.26 ± 0.57a 4.27 ± 0.87a 2.13 ± 0.04b Ciceritol 6.71 ± 0.61a 6.48 ± 0.42a 3.48 ± 0.26b
Monosaccharides and sucrose process of aging in chickpea (Cicer arietinum L.; Kapoor et al., 2010) and radish [Raphanus raphanistrum subsp. sativus (L.) Domin] seeds . Xin et al. (2011) observed rapid disappearance of vicilin-like proteins (7S globulins) in maize (Zea mays L.) seed subjected to accelerated aging. It is believed that the germination speed and seedling growth correlates with the level of vicilinlike proteins (Xin et al., 2011) . However, it has been increasingly suggested that, apart from being a reservoir of nutrients, b-conglutins are also part of the defensive mechanisms of plants. Binding of b-conglutins to chitin has been shown to inhibit the growth of pathogens (Monteiro et al., 2010) . Nguyen et al. (2015) observed that ripe radish seed deprived of 2S albumins contain lower levels of total protein and are more susceptible to aging. In earlier papers by Duranti et al. (2008) and Magni et al. (2007) , 2S proteins were claimed to play the role of storage proteins. However, recent studies by Nguyen et al. (2015) suggest that they also act as defensive proteins responsible for germination and development of seedlings. Moreover, a structural similarity to a protein present in cereals, which is an a-amylase inhibitor, may suggest that d-conglutins also act as defensive proteins (Duranti et al., 2008) . Our study, along with studies conducted by Kapoor et al. (2010) , , and Nguyen et al. (2015) , has confirmed that 7S and 2S proteins correlate with high seed vigor and high rate of seedling growth and seem to affect the longevity of seed.
In our study, we observed changes in the accumulation of glyoxalase I (place 11) and SOD (places 13 and 17) in seed after storage at +20°C (Fig. 2a and 2b) . Changes in the activity of these enzymes can be used as a useful indicator of seed vigor (Balešević-Tubić et al., 2011) . Studies conducted by Wu et al. (2011) confirmed that antioxidative enzymes, such as glyoxalase I and SOD, play an important role in maintaining a high level of maize seed viability. According to Lee et al. (2010) , seed keep their vigor and viability as long as their antioxidative enzymes remain active.
Accumulation of LEA proteins takes place during late embryogenesis, and it coincides with the time of acquisition of resistance to desiccation by seed (Gallardo et al., 2001) . It has been suggested that the presence of large amounts of these proteins in ripe seed and their disappearance during their germination proves their role in seed maturation. Late embryogenesis abundant proteins have also been described as protective proteins, which stabilize membranes and protein structures (Gallardo et al., 2001 ). However, their particular effect on the longevity of seed has been questioned (Wechsberg et al., 1994) . Particularly little is known about the effect of dehydrins on longevity of orthodox seed (Hundertmark et al., 2011) . We have observed an increase in the accumulation of the LEA D-34 protein (spot 18) in seed stored at the room temperature (Fig. 2a-2c) . Our findings are consistent with those of the studies conducted by Zhang et al. (2015) and Catusse et al. (2011) , who observed an increase in the content of the LEA D-34 protein in aging seed of poplar (Populus sp.) and sugar beetroot (Beta vulgaris L.). The findings of a study conducted by also suggest that the accumulation of LEA proteins in seed correlates with their decreasing longevity; this was indicated by an increase in the content of LEA proteins in aged seed of Arabidopsis arenosa (L.) Lawalrée, both after accelerated aging and after 11 yr of storage in controlled conditions (+5°C). These observations are consistent with claims in the literature that LEA proteins are potentially useful markers of low seed viability Catusse et al., 2011; Zhang et al., 2015) .
All groups of identified proteins seem to be indispensible for proper growth, storage, and germination of seed. Their physiological functions and the interactions between them have a positive effect on the viability of seed. Accumulation of adverse changes in the protein profile of the seeding material resulting from incorrect storage methods may decrease the vigor and viability of seed (Natarajan, 2014) .
In seed stored at room temperature, a decrease in the protein content was accompanied by an increase in the level of biogenic amines. The content of polyamides (PA) in seed stored at +20°C was twice higher than seed stored at -14°C (Table 2) . There is not much data on the variability of PA in nonviable seeds. A paper by Bonneau et al. (1994) , who observed a higher content of biogenic amines in nongerminating seed of rice (Oryza sativa L.), is one of the few of such papers. As in our study, the concentration of Put, Spd, and Spm in nonviable rice seed was higher than in seed with a high germination potential. The PA content in seed depends on the plant species and cultivar. Low viability of yellow lupin (Bonneau et al., 1994) seems to correlate with a high content of PA. The situation in wheat (Triticum aestivum L.; Anguillesi et al., 1990) , onion (Allium cepa L.; Basra et al., 1994) , and oak (Quercus sp.; Szczotka, 1984) seems to be the opposite. The concentration of PA (especially Spd) in dry wheat kernels increased during the six consecutive years of storage and then started to decrease, which was accompanied by a gradual decrease in viability (Anguillesi et al., 1990) . Basra et al. (1994) found the content of Put, Spm, and Spd to decrease after 1 yr of onion seed aging, with the change in Spd being the greatest. A decrease in the PA content, accompanied by a decrease in viability, has also been observed during the aging of northern red oak (Quercus rubra L.) and pedunculate oak (Quercus robur L.) seeds (Szczotka, 1984) . According to Bonneau et al. (1994) PA, and especially Spm, seem to be good markers of viability of rice seed, as well as yellow lupin seed, as our study shows.
The period for which the stored seed keep its viability also depends on the content and availability of soluble sugars, which are substrates in plant respiration and thus generate ATP, as well as free radicals and other toxic end metabolites. Moreover, soluble sugars contribute to stabilization of cell membranes during severe dehydration (Hoekstra et al., 1989) .
The content of sucrose and reducing sugars in seed stored at +20°C was several times higher than in seed stored at low temperatures (Table 4) . Our findings are consistent with those of Piotrowicz-Cieślak et al. (2008) , who found a high level of those carbohydrates in yellow lupin seed stored for a long time at +20°C. Moreover, this seed was characterized by a high sucrose/RFO ratio. In an earlier study conducted by Piotrowicz-Cieślak (2005) , a low sucrose/RFO ratio was referred to as typical of highviability seed. During seed storage, an increase in reducing sugars is particularly detrimental, since they trigger the Amadori and Maillard reactions (Wettlaufer and Leopold, 1991) and spontaneous oxidation. A high level of sugars lowers cell water potential (Sun et al., 1996) , which slows down metabolic processes.
An increase in the storage temperature and the moisture content in seed can induce changes in the cytosol state from glassy (typical for mature seed) to liquid, thereby decreasing the cytosol stability (Sun, 1997; Groot et al., 2012) . Studies conducted by Sun (1997) and Murthy et al. (2003) confirmed that the aging of seed material is accelerated when the cytosol of seed cells is not in the glassy state. It has been claimed that carbohydrates and proteins play a significant role in the composition and properties of the glassy matrix (Buitink and Leprince, 2004) . It has been shown in in vitro studies that LEA proteins are involved in maintaining the glassy state. The binding of these proteins to carbohydrates produces glass, whose physicochemical properties resemble those of the glassy state formed in seed cells (Wolkers et al., 2001; Buitink and Leprince, 2004) . This can be regarded as just one more piece of evidence for the important role of LEA proteins in maintaining seed longevity. The raffinose family of oligosaccharides is one of the groups of factors that affect the formation of the glassy state in seed cells (Buitink et al., 2000; PiotrowiczCieślak et al., 2008) . Seed of yellow lupin stored at +20°C contained a low level of raffinose, stachyose, and especially verbascose (Table 4) , which have been claimed to contribute to seed longevity (de Souza Vidigal et al., 2016) . Our findings are consistent with those of Piotrowicz-Cieślak (2005) and Piotrowicz-Cieślak et al. (2008) , who found that the level of RFO decreases in seed of yellow lupin under prolonged storage. Low levels of RFO in seed indicate that they have aged and that their viability is low. This has been confirmed by a high sucrose/RFO ratio in those seed, which according to many authors can be applied as a quality indicator of seed material and its longevity (Bailly et al., 2001; Piotrowicz-Cieślak, 2005; PiotrowiczCieślak et al., 2008; Vandecasteele et al., 2011) . Horbowicz and Obendorf (1994) proposed a seed longevity index relating seed soluble carbohydrate content to the storage period during which seed could lose half of its viability (i.e., half viability period of storability). Proportions of sucrose to RFOs are especially important here. If the proportion is <1, seed can be stored for >10 yr. If the proportion is >1, it means that seed loses half of its viability before the end of 10-yr storing period (Horbowicz and Obendorf, 1994) . A change in the weight proportion of sucrose to RFOs can constitute a good indicator of the acceptable storage period. Lupin seed in which the proportion of sucrose to RFOs is >1 is characterized by relatively high vigor and viability parameters (Table 4) . Delineating weight proportions of sucrose to RFOs, we arrive at a more precise and true-to-life picture of seed aging (Piotrowicz-Cieślak et al., 2008) .
To summarize, two cold storage treatments (-14 and 0°C) of lupin seed resulted (after 29 yr) in very similar changes in germination rate, proteomic profile, contents of biogenic amines, and soluble carbohydrates, whereas storage at +20°C was incomparably more detrimental. An oligosaccharide (verbascose) and b-and d-conglutins (proteins) were identified as useful biochemical markers of seed viability.
